Together maize, Sorghum, rice, and wheat grass (Poaceae) species are the most important cereal crops in the world and exhibit different ''grain endosperm texture.'' This trait has been studied extensively in wheat because of its pivotal role in determining quality of products obtained from wheat grain. Grain softness protein-1 and Puroindolines A and B (grain storage proteins), encoded by Ha-like genes: Gsp-1, Pina, and Pinb, of the Hardness (Ha) locus, are the main determinants of the grain softness/hardness trait in wheat. The origin and evolution of grain endosperm texture in grasses was addressed by comparing genomic sequences of the Ha orthologous region of wheat, Brachypodium, rice, and Sorghum. Results show that the Ha-like genes are present in wheat and Brachypodium but are absent from Sorghum bicolor. A truncated remnant of an Ha-like gene is present in rice. Synteny analysis of the genomes of these grass species shows that only one of the paralogous Ha regions, created 70 My by whole-genome duplication, contained Ha-like genes. The comparative genome analysis and evolutionary comparison with genes encoding grain reserve proteins of grasses suggest that an ancestral Ha-like gene emerged, as a new member of the prolamin gene family, in a common ancestor of the Pooideae (Triticeae and Brachypoidieae tribes) and Ehrhartoideae (rice), between 60 and 50 My, after their divergence from Panicoideae (Sorghum). It was subsequently lost in Ehrhartoideae. Recurring duplications, deletions, and/or truncations occurred independently and appear to characterize Ha-like gene evolution in the grass species. The Ha-like genes gained a new function in Triticeae, such as wheat, underlying the soft grain phenotype. Loss of these genes in some wheat species leads, in turn, to hard endosperm seeds.
Introduction GRASSES (Poaceae), with 10,000 species growing under diverse climates and latitudes, exceed all other plant families in ecological dominance and economic importance. Analysis of fossil records and phylogenetic data established that the grass subfamilies diverged from a common ancestor 50-80 My (for review, see Kellogg 2001; Gaut 2002; Prasad et al. 2005; Chalupska et al. 2008) . Divergence time of several important grass lineages (Triticum, Hordeum, Brachypodium, Oryza, Sorghum, and Zea) has been recently reexamined based on sequence comparison of Acc and other genes, using 60 My for the divergence time of the Panicoideae (Sorghum, Zea) and Ehrhartoideae (rice) to calibrate the molecular clock (Chalupska et al. 2008 ). This and several earlier studies (Paterson et al. 2004; Bossolini et al. 2007; Faris et al. 2008) concluded that Pooideae (wheat, barley, and Brachypodium) and Ehrhartoideae (rice) diverged from each other 50 My, early after their divergence from Panicoideae (maize, Sorghum). Among the Pooideae, Brachypoidieae (Brachypodium), and Triticeae (wheat, barley), tribes diverged about 35 My. Brachypodium, with its small diploid genome, has become a model Pooideae grass with a potential to aid analysis of the large genomes of the Triticeae (Draper et al. 2001; Foote et al. 2004; Faris et al. 2008) . A 4Â draft version of the Brachypodium distachyon genomic sequence is already publicly available (http://www. modelcrop.org/cgi-bin/gbrowse/brachy4x/, release October 2008), and the Brachypodium consortium is assembling an 8Â genome sequence coverage (Vogel J, personal communication) .
The Hardness (Ha) locus in wheat spans Pina, Pinb, and Gsp-1 genes (called in this study Ha-like genes) and encodes Puroindolines A and B (PinA and PinB) and grain softness protein-1 (GSP-1) that determine the wheat grain hardness/softness or endosperm texture (for review, see Morris 2002) . Because of the pivotal role of grain texture in determining quality of products obtained from wheat grain, this trait has been studied by geneticists (Law et al. 1978) , chemists (Schofield 1986; Blochet et al. 1991 Blochet et al. , 1993 , and molecular biologists (Gautier et al. 1994 (Gautier et al. , 2000 Chantret et al. 2004 Chantret et al. , 2005 Chantret et al. , 2008 Li et al. 2008 ). At the genome organization level, the Ha locus is about 65 kb in the D genome of hexaploid wheat Triticum aestivum and contains three functional Ha-like genes: Gsp-1, Pina, and Pinb, as well as a PseudoPinb, a Pinb-relic, two other predicted genes (Gene3 and Gene5), and several transposable elements (Chantret et al. 2005;  fig. 1A ). Upstream of Gsp-1 gene, the BGGP (Gene1), encoding b-1-3-galactosyl-O-glycosyl-glycoprotein, delimits the 5# boundary of the Ha locus. A Nodulin gene (Gene8) and a cluster of ATPase genes (Genes7-1, 7-2, 7-3, 7-2#, and 7-3#), located 20 kb downstream of PseudoPinb, delimit the 3# boundary of the Ha locus ( fig. 1A ; Chantret et al. 2005 Chantret et al. , 2008 . Pina and Pinb genes were also found in Triticeae species, in which soft endosperm is a dominant trait: in diploid and hexaploid wheat (Triticum and Aegilops species), barley (Hordeum vulgare), rye (Secale cereale), and oats (Avena sativa). Surprisingly, Pina and Pinb genes are absent from the A and B genomes of the tetraploid (Triticum turgidum) and hexaploid (T. aestivum) wheat species, although present in their progenitor species (Gautier et al. 2000) . Comparative genomic analysis showed that Pina and Pinb genes were deleted from the A and B genomes of polyploid wheat species (Chantret et al. 2005) . A large deletion at this locus occurred independently not only in the A and B genomes but also in the G genome of another wheat allotetraploid (Triticum timopheevii; Li et al. 2008) .
Homologs of the Ha-like genes have not been found in Panicoideae (maize and Sorghum) and Ehrhartoideae (rice), all with hard endosperm (Fabijanski et al. 1988; Gautier et al. 2000; Darlington et al. 2001; Morris 2002) . Nevertheless, comparative genome analysis shows that a short genomic sequence of 105 bp, with 67% amino acids similarity to Gsp-1 gene, is present in an otherwise orthologous rice locus (called Ha-rice-relic; Caldwell et al. 2004; Chantret et al. 2004 Chantret et al. , 2005 . Ha-rice-relic is located between BGGP gene, orthologous to wheat BGGP and a gene called HIPL, encoding a Hedgehog-interacting-like Chantret et al. 2008) . Relative position of HIPL gene as found in the sequence of the A genome of Triticum turgidum species (Chantret et al. 2008 ) is also shown. Brachypodium sylvaticum BAC clone (BAC37D5) of 120,033 bp was sequenced in this study. Oryza sativa and S. bicolor orthologous region sequences and annotations were, respectively, retrieved from the Michigan State University site (http://rice.plantbiology.msu.edu, release 6 January 2009) and from the Joint Genome Institute Web site (http:// genome.jgi-psf.org/Sorbi1/Sorbi1.home.html, release March 2008; Paterson et al. 2009 ). The B. distachyon 4X genome sequence is from http:// www.modelcrop.org/cgi-bin/gbrowse/brachy4x/ (release October 2008). Sequence gaps at Ha-like genes were supplied by the international Brachypodium initiative (Vogel J, USDA, Albany, USA). The wheat genes were named in the same way as in previous studies (Chantret et al. 2005 (Chantret et al. , 2008 . Ha-like genes and related sequences are shown in red. Ha-Brachy2 gene is deleted in B. distachyon (marked by a red cross). Genes present in wheat but not in other species are shown in blue. Genes conserved in multiple species are connected by dashed lines. Light blue boxes represent region, 5# to the Ha locus, compared between B. sylvaticum, rice, and Sorghum but not sequenced in wheat. (B) Additional duplications of Ha-like genes (HaBrachy3 and Ha-Brachy4) observed in B. distachyon at 3 Mb of the Ha locus (red dashed arrow). Flanked genes are also shown. Corresponding rice orthologous region is also presented and shows no Ha-like genes (red cross). Double arrow on Ha-Brachy3 and Ha-Brachy4 indicates that they are derived from recent tandem duplication (from each other's). Black bars, below the B. distachyon presented region, indicate location of sequences successfully used to derive PCR markers and confirm the presence of Ha-Brachy3, Ha-Brachy4 as well as flanked Myb and Splf genes on same BAC clones of B. sylvaticum. Thickness of these bars is proportional to the length of the sequence used. (C) Synteny and collinearity of paralogous Ha regions (derived from last-shared ancestral whole-genome duplication) of rice, Sorghum, and B. distachyon. The predicted location of the Ha-like genes is between BGGP and HIPL genes. Absence of any Ha-like genes or related sequences is indicated by a red cross. Abbreviations of predicted gene names are detailed in supplementary figure 2 (Supplementary Material online). Nucleotide positions of analyzed regions of the B. distachyon, rice, and Sorghum are indicated.
protein, followed by a Nodulin gene and a cluster of ATPase genes (Chantret et al. 2004 (Chantret et al. , 2008  fig. 1A ). The situation is not clear for the Panicoideae (Sorghum, maize), which diverged earlier from Pooideae (wheat, barley) and Ehrhartoideae (rice).
In the present study, we used comparative genome analysis of orthologous Ha regions from wheat, Brachypodium, rice, and recently sequenced Sorghum bicolor (Paterson et al. 2009 ) to analyze the evolutionary origin and trace the relative time of emergence of Ha-like genes in grasses.
Materials and Methods
Brachypodium sylvaticum Bacterial Artificial Chromosome Library Screening A six genome coverage bacterial artificial chromosome (BAC) library of B. sylvaticum (Foote et al. 2004 ) arrayed on high density filters was initially screened with probes prepared from separate, as well as mixture of, polymerase chain reaction (PCR) products, amplified from the hexaploid wheat Gsp-1, Pina, and Pinb genes using primers described in Chantret et al. (2005) . Eighteen BAC clones were initially detected, indicating that homologs of these three genes are probably present in Brachypodium. Six of these BAC clones were retained in a second step after screening based on hybridization signal intensity, fingerprinting, and PCR confirmations. BAC clone (BAC37D5) was sequenced as described by Chantret et al. (2005) .
Another round of PCR screening was also made to check the presence in B. sylvaticum of additional Halike gene duplicates, revealed from the analysis of the B. distachyon 4Â genome sequence (http://www.modelcrop. org/cgi-bin/gbrowse/brachy4x/, release October 2008; see Results). Primers were designed based on B. distachyon genome sequence, and the B. sylvaticum BAC library, organized into pools, was PCR screened.
Ha Genomic Regions from Grass Species Sequenced Genomes
Ha region from the B. distachyon was extracted from the available 4Â coverage genome sequence (http://www. modelcrop.org/cgi-bin/gbrowse/brachy4x/; release October 2008), that of rice from http://rice.plantbiology.msu.edu (release 6 January 2009), and that of S. bicolor from http://genome.jgi-psf.org/Sorbi1/Sorbi1.home.html (release March 2008; Paterson et al. 2009 ).
Sequence Annotation
Genomic sequences were annotated as described by Chantret et al. (2005) . The first step of our annotation method is to detect transposable elements (TEs). Primarily, TEs were detected by a BlastN search against two databases of repetitive elements: TREP (Wicker et al. 2002, http :// wheat.pw.usda.gov/ITMI/Repeats/index.shtml) and Repbase (Jurka 2000 , http://www.girinst.org/Repbase_Update. html). Core domains (nucleic coordinates of known elements) were identified through BlastN alignments against TREPn. Long terminal repeats (LTRs) and limits were identified through BlastN and CENSOR (Jurka et al. 1996) alignments against Repbase and TREP databases. Putative polyproteins were identified by BlastX alignments against TREPprot. No a priori cutoff was imposed for BlastX and BlastN. We also used structural detection method using LTR_STRUC (McCarthy and McDonald 2003) and DOTTER program (Sonnhammer and Durbin 1995) for de novo identification of TEs. TE prediction and classification were performed as essentially suggested by the unified classification system for eukaryotic TEs, based on the 80-80-80 rule ). Retrotransposon insertion dates were estimated when necessary based on their LTR divergence as described (Charles et al. 2008) .
The next step is the gene annotation. We used the gene prediction given by the program FGENESH (http:// www.softberry.com; with the Monocot matrix) as well as BlastN and BlastX and TBlastX alignments against dbEST (http://www.ncbi.nlm.nih.gov/), SwissProt (http://expasy. org/sprot/), and synteny with characterized rice gene to precise gene structure and potential functions.
Finally, we systematically proceeded to a comparative annotation of genes common to several species, checking the coding sequence, and introns/exons transitions.
Gene Classification
Genes of known and unknown functions or putative genes were defined based on FGENESH predictions and the existence of rice or other Triticeae homologs. Hypothetical genes were identified based on FGENESH prediction only. Pseudogenes were not well predicted by FGENESH program, and frameshifts need to be introduced within the coding sequences (CDS) structure to better fit a putative function based on BlastX (mainly with rice). Large part of genes, truncated at one end (by TE insertion or unassigned DNA), potentially conversing coding capacity were qualified as ''truncated.'' Truncated pseudogenes (genes disrupted by large insertion or deletion) and highly degenerated CDS sequences were considered as gene relics.
Identification of Duplicated Paralogous Regions in B. distachyon, Oryza, and Sorghum
We used the gene annotation of Oryza sativa (http:// rice.plantbiology.msu.edu, MSU rice genome annotation release 6 January 2009) and S. bicolor (http://genome.jgipsf.org/Sorbi1/Sorbi1.home.html, Sbi version 1.4, release March 2008 , Paterson et al. 2009 , along with analysis of the B. distachyon 4Â genome sequence coverage (http:// www.modelcrop.org/cgi-bin/gbrowse/brachy4x/, release October 2008) to identify the syntenic blocks both within and among the three genomes. Identified syntenic blocks from B. distachyon were also annotated in the study (FGE-NESH predictions and Blast against the National Center for Biotechnology Information nonredundant databases). BlastP results (E , 1 Â 10 À5 ) among the predicted genes were used as input to feed the collinearity detection program MCscan with the default parameters (score .300, E , 0.01; . MCscan generates a number of syntenic blocks, among which we selected the set of regions that are collinear to the identified Ha region.
Nucleotide and Protein (amino acid) Sequence Comparisons
We used MEGA3 (Kumar et al. 2004 ) to make all the nucleic/proteic multiple alignments. We manually enhance these alignments taking into account special feature conservations (such as cysteine skeleton and tryptophan-rich domain [TRD]) or other domain conservation. The pairwise similarity comparisons are based on multiple alignments.
Results
Sequence analysis of the Ha locus in the D genome of hexaploid wheat T. aestivum and the orthologous region of rice were previously described (Chantret et al. 2005 (Chantret et al. , 2008 . We isolated and sequenced in the present study the Ha orthologous region from B. sylvaticum and conduct comparative genome analysis between all three grass species, along with that from the B. distachyon genome (http://www. modelcrop.org/cgi-bin/gbrowse/brachy4x/, release October 2008) as well as the recently sequenced S. bicolor genome (Paterson et al. 2009;  fig. 1 ).
Isolation and Sequencing of the Ha Locus in B. sylvaticum
Six BAC clones were retained after screening of a six genome coverage BAC library of B. sylvaticum (Foote et al. 2004 ) arrayed on high density filters, using probes prepared from wheat Gsp-1, Pina, and Pinb genes and further characterization, based on hybridization signal intensity, fingerprinting, and PCR. The longest BAC clone (BAC37D5) of 120,033 bp was sequenced.
Two Ha-like genes, Ha-Brachy1 and Ha-Brachy2, were found in a 120-kb fragment of the B. sylvaticum genome, flanked by a BGGP gene on one side and by an HIPL and an ATPase gene on the other (fig. 1A) . The tandemly duplicated Ha-Brachy1 and Ha-Brachy2 genes contain a single exon each and show 62% amino acid similarity to each other ( fig. 2 ; supplementary table 1, Supplementary Material online). Predicted products of these two genes show 48-54% sequence similarity to wheat GSP-1, PinA, and PinB proteins throughout their entire length (151 and 146 amino acids; fig. 2 ; supplementary table 1, Supplementary Material online), indicating that an Ha-like gene was present in a common ancestor of the Triticeae and the Brachypoidieae tribes.
Comparison with Ha Locus Region from B. distachyon A sequence similarity search on the available 4Â shotgun sequences of the B. distachyon genome (http:// www.modelcrop.org/cgi-bin/gbrowse/brachy4x/, release October 2008), completed with additional 751 bp sequence, kindly provided by Dr John Vogel (USDA, Albany, USA) to fill the sequence gap, identified only the Ha-Brachy1 gene and the Ha-Brachy1-relic at the Ha locus region of this species. The B. distachyon Ha locus is located on a region (super_12 contig), which is orthologous to rice chromosome12 and Sorghum chromosome8 ( fig. 1A) . The Ha-Brachy1 gene and the Ha-Brachy1-relic are both very close to their B. sylvaticum counterparts, showing 97% and 93% amino acid similarity, respectively ( fig. 2 ; supplementary table 1, Supplementary Material online). Thus, HaBrachy1-relic was present prior to the two Brachypodium species divergence, estimated to 4.2 ± 0.78 My in this study (data not shown). Surprisingly, the Ha-Brachy2 gene is absent from the Ha locus region of B. distachyon ( fig.  1A ). The relatively old tandem duplication of Ha-Brachy1 and Ha-Brachy2 genes, indicated by the low level of observed amino acid similarities in B. sylvaticum ( fig. 2 ; supplementary table 1, Supplementary Material online), from one side, and precise sequence comparisons between the two Brachypodium species from the other side, suggest that Ha-Brachy2 has been deleted from B. distachyon. This occurred apparently by an illegitimate DNA recombination, driven by 62-65 bp direct repeats that flank the 842 bp deleted segment (data not shown). 
Additional Duplications of Ha-Like Gene in the Brachypoidieae
Blast similarity searches of Ha-like genes against B. distachyon genome sequence (http://www.modelcrop.org/ cgi-bin/gbrowse/brachy4x/, release October 2008) allow identification of two other Ha-like genes that we called Ha-Brachy3 and Ha-Brachy4. They are located on the same region (super_12 contig), separated by approximately 3 Mb (3,015,111 bp) from Ha-Brachy1 gene of the Ha locus (fig. 1B) . Ha-Brachy3 and Ha-Brachy4 genes are separated by 5.8 kb and show 83% amino acid similarity ( fig. 2; fig. 1B) is not common to that of B. sylvaticum (data not shown). Thus, the Ha-Brachy3 gene is not interrupted in B. sylvaticum.
Comparison of B. distachyon Ha-Brachy3 and HaBrachy4 genomic region (super_12 contig) with corresponding orthologous regions from rice chromosome12 ( fig. 1B) and Sorghum chromosome8 (data not shown), identified based on flanking conserved genes, did not show any traces of Ha-like genes in these two later grass species. These comparisons suggest that Ha-Brachy3 and HaBrachy4 genes were generated in the Brachypoidieae through duplication from an Ha-like gene of the Ha locus, after divergence from Ehrhartoideae (rice).
The situation is not clear for Triticeae (wheat and barley) as their genomes are not entirely sequenced yet. Nevertheless, no Ha-like genes, other than puroindolines or Gsp-1 genes, were so far described in these Triticeae species (reviewed by Morris 2002) . Moreover, physical characterization of BAC clones from these species, identified as harboring Ha-like genes, revealed one single Ha-like region (Caldwell et al. 2004; Chantret et al. 2004 Chantret et al. , 2005 . Further characterizations would better confirm whether this additional Ha-like gene duplication is specific to Brachypoidieae.
Thus, recurring gene duplications and/or deletions occurred independently at different stages of the grass species evolution, as indicated by the number of Ha-like gene copies as well as related gene fragments (partially deleted or incompletely duplicated genes) and pseudogenes found in the Triticeae and Brachypoidieae Ha locus ( fig. 1A and B; supplementary table 1, Supplementary Material online; Caldwell et al. 2004; Chantret et al. 2005 Chantret et al. , 2008 ; discussed also hereafter).
The Orthologous Ha Locus Region in S. bicolor
A 168-kb fragment of S. bicolor genome (coordinates 55,276,432-55,444,261 on chromosome8; Paterson et al. 2009 ) was identified as containing a region orthologous to that spanning the Ha locus sequenced from B. sylvaticum ( fig. 1A) . The arguments supporting the orthologous relationship are presented hereafter. DNA sequence of this fragment is available in three contigs and includes 18 genes and putative genes (33% of the sequence), class I TEs (23%), and class II TEs (0.6%). All three numbers are substantially lower than the corresponding genome-wide averages (Paterson et al. 2009) .
We found no evidence of any Ha-like genes or their relics, such as those found in Pooideae and rice, in the Ha orthologous region or anywhere in the sequenced Sorghum genome.
Collinearity of the Orthologous Ha Region in Wheat and Three Other Grasses
We compared the gene order of the 187-kb region including the D genome Ha locus of hexaploid wheat and amino acid sequences they encode to those of the orthologous region of rice, Sorghum, and B. sylvaticum (fig. 1A) . The wheat region is larger because of the expansion of repetitive elements ( fig. 1A )-it has a higher TE content (47%) and a lower gene content (12%). The corresponding orthologous regions of the other three species are of similar sizes and have comparable gene content (40%). Nevertheless, gene content is higher in B. sylvaticum than in sorghum when we extend comparison to the entire sequenced region (detailed hereafter). We detected fewer TEs in Brachypodium than in rice (and wheat). Although some Brachypodium TEs may have escaped detection because a comprehensive library of TE sequences for this species is not yet available, there is limited remaining space to detect an important proportion of TEs because of the high gene content. However, wheat, rice, and Sorghum also contain fewer TEs in this region than predicted from the genome-wide averages (Charles et al. 2008; Charles H, unpublished data) .
Six single-copy genes and a cluster of ATPase genes are found in at least three of the four species (fig. 1A) . The HIPL gene is not present in the sequenced fragment of the D genome of hexaploid wheat but instead we used the HIPL gene from the Ha region of the A genome of T. turgidum ( fig. 1A ; Chantret et al. 2008 ) for comparisons. Different levels of conservation at the amino acid level are observed for the genes when the four species are considered ( fig. 3 ; supplementary table 2, Supplementary Material online). In Sorghum, we have not found any sequences related to the gene Unknown-2 (fig. 1A) .
The level of amino acid sequence similarity is consistent with closer evolutionary relationship between Brachypodium and wheat (Triticeae) than between these two species, rice and Sorghum ( fig. 3 ; supplementary table 2, Supplementary Material online), with the exception of the ATPase genes. These genes are often found in clusters of complete and truncated genes, as well as pseudogenes Emergence of Softness Locus in Grasses 1655 ( fig. 1A ) making orthology assignments difficult ( fig. 3) , suggesting possible gene conversion as previously reported for rice genes (Wang et al. 2007 ) and further complicates the analysis.
Synteny and Collinearity Perturbation
The chalcone synthase gene and a kinase pseudogene (names shown in blue in fig. 1A ) are not present at a corresponding site in the other grass species. Duplication of the ATPase gene and Nodulin gene cluster in inverse orientation is also specific to wheat (fig. 1A) . In previous papers (Chantret et al. 2005 (Chantret et al. , 2008 , we suggested that the second cluster was ancestral, based on orientation of the ATPase genes in wheat, rice, and barley. However, the order and orientation of the ATPase and Nodulin genes in B. sylvaticum and S. bicolor are the same as the order and orientation of the first cluster of the genes in wheat ( fig. 1A) , suggesting that it is ancestral. ATPase3 gene, conserved between rice and B. sylvaticum, has no orthologs in sorghum and was probably not covered in the wheat sequenced region.
In B. sylvaticum, Sorghum, and rice, the HIPL gene is located between the Ha locus and the ATPase genes, but in the A genome of tetraploid, wheat is located at a noncollinear position separated from the Ha locus by 50 kb ( fig. 1A ; Chantret et al. 2008) .
Collinearity between Brachypodium, Rice, and Sorghum outside of the Sequenced Wheat Region
We extended comparison between the 120-kb BAC clone of B. sylvaticum and the corresponding regions in Sorghum and rice ( fig. 1A) . Comparisons of the additional sequence in Brachypodium, rice, and Sorghum confirmed a high level of collinearity and similarity between the three grass species: 10 genes (of known or unknown functions, putative genes, pseudogenes, and gene relics) out of 21 in B. sylvaticum, 12 in rice, and 10 in Sorghum are orthologous in at least two of the species (figs. 1A and 3; supplementary table 2, Supplementary Material online). A 34-kb large inversion, including eight of the genes, differentiates B. sylvaticum from rice and Sorghum (fig. 1A) .
Time of Emergence and Evolutionary Origin of the HaLike Genes
We searched the available genomic sequences of B. sylvaticum, rice, and Sorghum to determine whether ancestral Ha-like genes existed before the whole-genome duplication (ancient polyploidy) of the cereal genome, which occurred ;70 My, before the radiation of the major subfamilies (Paterson et al. 2004; Salse et al. 2008; . The paralogous regions resulting from the ancestral duplication and collinear to the Ha region, based on the overall content of conserved genes, were identified for rice, Sorghum, and B. sylvaticum ( fig. 1C ) using MCscan search (see Materials and Methods). The two genes flanking the Ha locus, BGGP and HIPL, are preserved in the three collinear paralogous genomic segments from B. distachyon, rice, and Sorghum separated by less then 10 kb ( fig. 1C ). These intergenic sequences were searched extensively, and no Ha-like genes or related sequences were identified. We concluded that the Ha-like genes emerged after the wholegenome duplication and after the divergence of Pooideae and Ehrhartoideae from Panicoideae.
Homologs of Ha-like genes (Gsp-1, Pina and Pinb) encoding GSP-1 and Puroindolines were previously identified in the Triticeae (wheat [Triticum and Aegilops species], barley [H. vulgare] , and rye [S. cereale]) and Aveneae (oats: A. sativa) tribes (Tanchak et al. 1998; Gautier et al. 2000; Kan et al. 2006; Gollan et al. 2007; Mohammadi et al. 2007 ; reviewed by Bhave and Morris 2008) .
Puroindoline-like proteins (products of Ha-like genes) from wheat endosperm and several other grasses (Blochet et al. 1993; Tanchak et al. 1998; Gautier et al. 2000; Kan et al. 2006; Gollan et al. 2007; Mohammadi et al. 2007 ; reviewed by Bhave and Morris 2008) are characterized by a cysteine skeleton and a unique TRD. Products of Ha-Brachy1, Ha-Brachy2, Ha-Brachy3, and Ha-Brachy4 genes have the cysteine skeleton and one and two conserved residues of the TRD ( fig. 4A and B; supplementary  fig. 1, Supplementary Material online) . The N-terminal 19-amino acid signal peptide and 100-amino acid domain also found in alpha amylase inhibitor and seed storage proteins domain (IPR006106; http://www.ebi.ac.uk/interpro/IEntry?ac5IPR006106) are highly conserved in Ha-like proteins ( fig. 4B and C; supplementary fig. 1 , Supplementary Material online).
The cysteine skeleton of Puroindolines and GSP-1 proteins is also present in seed storage proteins of the prolamin superfamily (Kan et al. 2006; Bhave and Morris 2008) . Prolamins encoded by Alpha, Beta, and Gamma gliadin and low molecular weight (LMW)-glutenin genes (Gao et al. 2007 ) as well as the avenin and avenin-like genes from oats and wheat show significant sequence similarities with Ha-like proteins (38-49%, depending on the domain, detailed in fig. 4 ). One gene from each of these prolamins was chosen as a reference for the subsequent sequence comparisons with Ha-Brachy1 gene ( fig. 4C ). Although the cysteine skeleton is also generally well conserved (at least 7 out of 10 cysteine residues found in orthologous position), no tryptophan residues of the TRD found in Ha-like proteins are found in Pooideae prolamins. The peptide signal domain is still strongly conserved with wheat prolamins and avenins, whereas lower conservations were observed between IPR006106 domain of the Ha-like encoded proteins and the corresponding Pooideae prolamins ( fig. 4C) .
None of the 31 prolamin genes (annotated as prolamin or putative prolamin genes) found in the rice genome (http://rice.plantbiology.msu.edu/cgi-bin/putative_function_ search.pl) contains the TRD characteristic of puroindolines. The 29 complete copiesofthese genes group in six clades(supplementary fig. 2, Supplementary Material online) , four of which encode proteins with the cysteine skeleton and the IPR001954 domain (a ''child'' domain of IPR006106 found in gliadins and LMW glutenins). The coding sequence of the Ha-rice-relic is most similar to prolamin encoding genes belonging to these four groups. Interestingly, Ha-like proteins show higher amino acid sequence similarity to these rice prolamins than to Triticeae prolamins: gliadins and LMW glutenins ( fig. 4C and D) .
Finally, our analysis shows that several prolamins of Panicoideae, such as beta and gamma zeins (Woo et al. 2001) , exhibit cysteine skeleton. None of these could be compared (aligned) with prolamins of Ehrhartoideae and Triticeae analyzed above (data not shown) because sequences are too divergent.
Discussion
Our study shows that Ha-like genes are present in Brachypoidieae (B. sylvaticum and B. distachyon), tribe sister to the Triticeae, and Aveneae tribes of the Pooideae subfamily of grasses. Although Ha-like genes were not initially found in Ehrhartoideae (rice: O. sativa) and Panicoideae (maize: Zea mays, and sorghum: S. bicolor; Gautier et al. 2000) , genome sequence analysis of the Ha orthologous region from rice showed a short sequence related to Ha-like genes (Caldwell et al. 2004; Chantret et al. 2004 Chantret et al. , 2005 that is probably a nonfunctional truncated gene remnant (Ha-rice-relic). Similarly, Ha-like genes, with specific deletions, duplications and/or truncations, were identified at the Ha locus region of the Brachypoidieae tribe and additional Ha-like gene duplications (Ha-Brachy3 and Ha-Brachy4 genes) also occurred at 3 Mb from the Ha locus region. Thus, it was important to analyze and confirm the absence of Ha-likerelated sequences at the Ha orthologous region of recently sequenced S. bicolor (Panicoideae subfamily of grasses; Paterson et al. 2009) , which diverged earlier from Pooideae (wheat, barley, Brachypodium) and Ehrhartoideae (rice). Overall, comparative genome analysis of orthologous Ha regions as well as comparison with sequences of genes encoding prolamins from wheat, Brachypodium, rice, and Sorghum allow elucidation of evolutionary origin and time of emergence of Ha-like genes in grasses.
Evolutionary Origin of Ha-Like Genes As the Ha-like proteins of Triticeae and Aveneae, the Brachypoidieae Ha-like proteins contain one and two conserved tryptophan residues of the TRD and a conserved cysteine skeleton ( fig. 4A ; Blochet et al. 1993; Gautier et al. 2000) . These conserved features suggest that the Brachypodium Ha-like proteins may also play a role in determining endosperm hardness/softness, although this trait has not yet been investigated in this model species.
Our sequence comparisons confirmed previous observations of a common evolutionary origin of GSP-1 and Puroindolines encoded by the Ha-like genes and proteins of the prolamin superfamily (Kan et al. 2006; Bhave and Morris 2008) . The prolamin superfamily was defined by Kreis et al. (1985) and initially comprised three groups of seed proteins rich in prolines and glutamines: the major prolamin storage proteins of Triticeae (alpha, beta and gamma gliadins; LMW glutenins), the alpha amylase/trypsin inhibitors of cereal seeds, and the 2S storage albumins from oilseed rape and other dicotyledonous plants. An expanded family includes also, among others, the major prolamins of Panicoideae and the alpha globulins of cereals (Shewry et al. 2004; Kan et al. 2006) . All these prolamins are seed-specific proteins found only in the Plant Kingdom. It has been postulated that addition of a repetitive domain in grass prolamin genes accelerated their divergence and drastically limited their sequence homology with prolamins from other species (Shewry et al. 2002; Nagy et al. 2005) . The TRD motif is specific to GSP-1 and Puroindolines encoded by Ha-like genes and is not shared with other prolamins (see Results and fig. 4) .
None of the rice prolamin genes are conserved at orthologous position in Sorghum, confirming previously reported highly divergent and dynamic evolution of grass prolamins, similar to other seed storage proteins, not syntenic, often clustered and known to generate recombinant copies by gene fusion, duplication, or other types of genomic rearrangements (recombination, frameshifts; Kreis et al. 1985; Shewry et al. 2002; Nagy et al. 2005; Gao et al. 2007 ).
Evolution of Ha-Like Genes by Recurring and Independent Duplications and/or Deletions
The present study supplies further insights about dynamic evolution of the Ha-like genes through independent duplications and/or deletions, which appear to occur recurrently at different stages of the grass species evolution. Gsp-1, Pina/Hina, and Pinb/Hinb genes of Triticeae (wheat/barley) were most likely formed by duplication of an ancestral Ha-like gene (Caldwell et al. 2004; Chantret et al. 2005 Chantret et al. , 2008 , closely after the divergence of the three tribes (Triticeae, Aveneae, and Brachypoidieae). Our study also shows that independent duplications and deletions of Ha-like genes (Ha-Brachy1, Ha-Brachy2, Ha-Brachy1-relic, Ha-Brachy3, and Ha-Brachy4) have also occurred in the Brachypoidieae lineage (figs. 1A, 1B, and 2). Another recent duplication occurred independently in barley (Hinb-1 and Hinb-2) (Caldwell et al. 2004 ). Deletions of Ha-like gene occurred also independently in the A and B genomes of T. turgidum (Pina and Pinb; Chantret et al. 2005) , the G genome of in T. timopheevi (Pinb; Li et al. 2008) , and in B. distachyon (Ha-Brachy2) as revealed in the present study.
Time of Emergence of the Ha Locus in Grasses
There are two possible explanations of the presence of Ha-like genes on only one duplicated region in wheat, Brachypodium, and rice and their absence from both duplicated regions of Sorghum (the whole-genome duplication predating radiation of the major grass subfamilies is considered here) 1) The Ha genes emerged in this locus in a common ancestor of Pooideae and Ehrhartoideae after the duplication and after their divergence from Panicoideae or 2) an Ha-like gene was present in the ancestral grass genome but survived in only one of the two paralogous regions and only survived in some lineages, Pooideae and Ehrhartoideae, The TRD characteristic of GSP-1 and Puroindolines encoded by Ha-like genes (green vertical bar) appeared in an Ha-like gene ancestor either before or shortly after Pooideae and Ehrhartoideae diverged. (F) Evolution of Ha locus and genes by duplications, deletions, and/or truncations, occurring independently in each of the Pooideae and Ehrhartoideae families and tribes. ''þ'' indicates Ha-like gene copies observed in all studies species, ''þ/À'' those that were found deleted in specific species of the indicated grass family or tribe. Ha-like genes and prolamin encoding genes positions are marked with small blue triangles (filled for complete; empty for truncated or ''pseudoized'' copies). Rectangles represent primary structures of putative encoded proteins where the cysteine residues and tryptophan residues of the TRD are represented by, respectively, red and green vertical bars.
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but not Panicoideae. Current evidence on the evolutionary origin of Ha-like genes-their closer relatedness to genes encoding prolamins of Pooideae and Ehrhartoideae than to those of Sorghum-favors the first explanation.
Concluding Remarks
As summarized in figure 5 , the present study allows retracing of emergence, origin, and specific evolution of the Ha-like genes and locus. This locus emerged, in the ancestor of the Pooideae and Ehrhartoideae, between 60 and 50 My, as a new member of the prolamin gene family. The genes were subsequently lost in Ehrhartoideae. After independent duplications and divergent evolution, illustrating their rapid dynamic, Ha-like genes gained a new function in Pooideae, such as wheat, underlying the soft grain phenotype. Loss of these genes in some wheats leads, in turn, to hard endosperm seeds.
Supplementary Material
Supplementary figures 1 and 2 and tables 1 and 2 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/). Sequence of B. sylvaticum BAC clone 37D5 was deposited at EMBL/GenBank under the accession number FJ234838.
